Abstract. We describe the first X-ray observations of binary millisecond pulsars PSRs J0023+0923, J1810+1744, J2215+5135, and J2256−1024. All four are Fermi gamma-ray sources and three are 'black-widow' pulsars, with companions of mass < 0.1 M⊙. Data were taken using the Chandra X-Ray Observatory and covered a full binary orbit for each pulsar. Two pulsars, PSRs J2215+5135 and J2256−1024, show significant orbital variability and X-ray flux minima at the times of eclipses observed at radio wavelengths. This phenomenon is consistent with intrabinary shock emission characteristic of black-widow pulsars. The other two pulsars, PSRs J0023+0923 and J1810+1744, do not demonstrate significant variability, but are fainter than the other two sources. Spectral fits yield power-law indices that range from 1.4 to 2.3 and blackbody temperatures in the hundreds of eV. The spectrum for PSR J2215+5135 shows a significant hard X-ray component (41% of counts are above 2 keV), which is additional evidence for the presence of intrabinary shock emission.
Introduction
Of the roughly 2000 radio pulsars known today, about 10% are millisecond pulsars (MSPs), old neutron stars which have been spun up, or 'recycled', through accretion of material from a companion. Many details of this recycling process remain unknown, but it is clear that most known MSPs have degenerate white dwarf companions with masses between 0.1 and 0.4 M ⊙ . However, some (up to 25%) of MSPs are isolated. The process through which these MSPs were formed is unclear. One attractive theory is that the companions of isolated MSPs were ablated through energetic particles, X-rays, and/or gamma-rays produced in the intrabinary shock between the pulsar wind and that of the companion.
The first pulsar showing evidence for the ablation process was the black-widow pulsar PSR B1957+20, which has an extremely low mass companion (0.020 M ⊙ ), shows radio eclipses due to absorption in the wind of the companion and dramatic pulse delays around the time of eclipse due to propagation through the wind. A 2002 ACIS-S observation (OBSID 1911) revealed unresolved synchrotron emission that is modulated throughout 2 P. Gentile, M. McLaughlin, M. Roberts the orbit, with roughly half of the emission due to the interaction of the pulsar and stellar winds and half from the pulsar itself. This observation showed a dip in the lightcurve no wider than one tenth of an orbit at an orbital phase of 0.25. (Stappers et al. 2003) The body of knowledge regarding black-widow pulsars is still lacking. We present analysis of rare observations of four pulsars with low mass companions, each observed for approximately one orbit. We observed PSRs J0023+0923, J1810+1744, J2215+5135, and J2256−1024 for 15 ks, 22 ks, 19 ks, and 22 ks respectively. The data were taken using Chandra's ACIS-S mode and analyzed using Chandra's data analysis suite, CIAO (verson 4.2). Lightcurves were determined for each source using counts in the 0.2 keV to 8 keV range, as Chandra has very little effective area outside of that range. The number of counts detected for each source ranged from 43 to 141 (Table 2) . Each lightcurve was binned such that each bin represents one tenth of the observation. These lightcurves were then compared to uniform distributions using the χ 2 test and Kolmogorov-Smirnov (K-S) test (Kolmogorov, A. N. 1933 ) to determine their orbital variability.
Observations and Analysis
Spectra were then analyzed using Chandra's spectral fitting platform, Sherpa. The data were then fitted over energies between 0.2 keV and 8 keV. Because of the small IAUS291. Chandra Observations of Black Widow Pulsars 3 Figure 2 . Fitted spectra for PSRs J0023+0923, J1810+1744, J2215+5135, and J2256−1024, respectively (clockwise from top left). We were able to fit PSR J0023+0923 with both a blackbody model and a power law model (separately), while PSR J2256−1024 was fit with a combined blackbody and power law model. PSRs J1810+1744 and J2215+5135 could only be fit with a power law model. number of counts, we fixed N H at a constant value (with 10 free electrons per neutral Hydrogen) in all of the fits. Although in reality, the spectra for all of the sources will likely contain a blackbody component and a power-law component, we were not able to fit both of these components for PSRs J0023+0923, J1810+1744, and J2215+5135. Therefore, we provide the results of single-component fits for these pulsars. These fits are consistent with intrabinary shock emission, however, additional observations are necessary to constrain both model components, as well as model the orbital geometry of these binary systems.
